Pyrite is a common sulfide mineral and its surface oxidation and natural hydrophobicity play an important role in determining flotation performance for many minerals, particularly for sulfides and coal. In this study freshly fractured electrodes have been used to investigate the surface oxidation of fresh pyrite surface and collectorless microflotation tests were performed to study its natural hydrophobicity. Chronoamperometry performed on in-situ fractured electrodes demonstrated that pyrite oxidation takes place at potentials of -0.28 V (SHE) at pH 9.2 and 0 V at pH 4.6, considerably lower than previously assumed. Incipient oxidation at slightly more positive potentials produce a hydrophobic sulfur-rich species, most likely a polysulfide or metal-deficient sulfide, which imparts natural surface hydrophobicity to pyrite. Collectorless microflotation test results have indicated that pyrite acquires considerable floatability upon superficial oxidation. The collectorless flotation recovery of pyrite is determined by the relative amounts of polysulfide, soluble species, and insoluble species produced during oxidation, which depends on solution pH and potential.
INTRODUCTION
Pyrite is one of the most common sulfide minerals encountered in the mining and mineral industry. It often co-exists with other sulfide minerals such as chalcopyrite, sphalerite and galena [1] [2] and non-sulfide minerals including coal in which it is considered a gangue mineral and thus rejected as tailings in flotation practices. Its flotation behavior is very important for determining the quality of concentrates of many different types of ores containing gold, copper, lead, and zinc and coal [3] [4] [5] .
Many electrochemical studies of pyrite oxidation have been reported in the literature to understand the formation of surface oxidation species and their effects on the flotation behavior of pyrite [6] [7] [8] [9] [10] [11] [12] [13] . It is well known that pyrite is a good electrocatalyst for oxygen reduction and dissolved oxygen plays an important role in pyrite oxidation and related processes such as acid mine drainage (AMD) and gold cyanidation [3, [14] [15] [16] [17] [18] [19] [20] [21] . The oxidation and dissolution mechanism of pyrite has been investigated and it has been determined that both ferric ion and oxygen are the oxidant for pyrite but ferric ion dominates [22] [23] [24] . It is now recognized that aqueous oxidation of pyrite generally results in the production of sulfate as the ultimate oxidation product and the release of ferrous ions into solution; it also produce species such as elemental sulfur, polysulfide, hydrogen sulfide gas, ferric hydroxide precipitate, iron oxide, iron (III) oxyhydroxide and intermediates such as thiosulfate, sulfite and polythionates [25] [26] [27] [28] [29] [30] Calderia et al. [10] studied pyrite oxidation in alkaline solutions with XRD, SEM and FTIR and found that hematite is the main oxidation product on pyrite surface in hydroxide medium whereas only calcium carbonate was detected on the surface of oxidized pyrite in calcium hydroxide medium open to the atmosphere. They also observed that initial pyrite oxidation resulted in a thin oxide layer that fractured as oxidation proceeded. He et al. [2] studied effects of electrochemical potential and zinc sulphate on the floatability of pyrite at pH 9.0 and reported that zinc sulphate depressed pyrite flotation at a potential of 0.275 V (SHE) but had no or little effects at lower potentials. They speculated that this was a result of less hydroxide groups formed on pyrite surface for zinc hydroxide attachment at lower potentials. Peng et al. [31] investigated the activation of pyrite by copper ions during grinding at different potentials manipulated with H 2 O 2 and dithionite with XPS and concluded that the activation is electrochemical in nature and involves the formation of Cu + -sulfide species. Scanning photoelectron microscopy (SPEM) and photoemission electron microscopy (PEEM) have been used to study pyrite oxidation in aqueous solutions at a submicron scale with a focus on spatially resolved surface characterization of fresh and reacted pyrite surfaces to identify site specific chemical processes [32] . The results suggest that pyrite oxidation species are heterogeneously distributed on the surface and oxidation reactions are highly site specific. Sit et al. [29] carried out spin-polarized density-functional theory (DFT) calculations of the adsorption and reactions of oxygen and water with the (100) surface of pyrite and found oxidation of the pyrite surface occurs through successive reactions of the surface with adsorbed O 2 and water molecules. Their study also revealed that the oxygens in the end oxidation product SO 4 2-are derived from water, not gaseous oxygen, suggesting the adsorption of water molecules plays a very important role in the process of pyrite oxidation. Jin et al. [33] used molecular dynamics simulation (MDS) and DFT quantum chemical calculations to investigate the effect of pyrite surface oxidation on interfacial water structure. They concluded that the presence of iron hydroxide is the origin of the surface hydrophilicity of the oxidized pyrite surface whereas the fresh unoxidized pyrite, polysulfide, and elemental sulfur are hydrophobic. The influence of pyrite oxidation on flotation of other valuable sulfide minerals is an important topic for the mineral industry and has attracted many studies [34] [35] [36] [37] . Owusu et al. [4] recently investigated the effect of pyrite on flotation of chalcopyrite and reported pyrite can be activated by copper ions released from chalcopyrite and increased surface oxidation of chalcopyrite as a result of galvanic interactions is responsible for reduced recovery of chalcopyrite.
In spite of abundant previous work, there are still unanswered questions or inconsistent information on pyrite oxidation and subsequent effects on its surface hydrophobicity and flotation behavior [6-7, 10, 27, 32-33, 35, 38-40] . This may be caused by two major reasons: 1) pyrite oxidation is complex in its nature and involves many reaction steps and products, as illustrated by Dos Santos et al. [21] , Rimstidt and Vaughan [27] , and Sit et al. [29] ; 2) previous studies were mostly carried out with polished electrodes [6-7, 9, 12, 24] . Mechanical polishing process causes oxidation that alters electrode surface compositions, making the surface differ from the underlying substrate [41] .
To study the surface oxidation of virgin pyrite surface rather than altered or contaminated surface, freshly-fractured electrode made of pyrite under controlled electrochemical potential were used in the present study. Chronoamperometry was conducted on the electrode immediately after fracture followed by cyclic voltammetry to identify surface oxidation and reduction processes and reaction products. Collectorless flotation tests of pyrite were carried out using an electrochemical microflotation cell where the potential of pyrite particle was controlled with a potentiostat.
EXPERIMENTAL
The freshly fractured electrodes were made of a high purity pyrite sample from Yunnan Province, China. They had the dimensions of approximately 3×2×10 mm and were connected to a copper lead-wire through the use of conducting silver epoxy. The electrode was then mounted at the end of a 7 mm diameter glass tube with non-conducting epoxy (Torr Seal, Varian Vacuum Products). After the electrode was inserted into the electrochemical cell, the projecting portion was subjected to a sharp blow through a glass rod resting on it to create a freshly-fractured surface which was usually flush with the epoxy. The ring-disc electrodes were constructed using a similar procedure described by Ahlberg and Boo [42] . Solutions in the electrochemical cell were made of 0.05 M sodium tetraborate with a buffered pH 9.2 and 0.05 M acetate and 0.05 M acetic acid with a buffered pH 4.6 and purged with N 2 for at least 1 h prior to each experiment.
A Pine RDE-4 double potentiostat was used to conduct chronoamperometry and cyclic voltammery studies with freshly fractured electrodes. The voltammograms of pyrite disc electrode were conducted at a potential sweep rate of 20 mV/s and currents on the gold ring electrode were recorded on the second-cycle, unless otherwise specified. A saturated calomel electrode (SCE) was used as the reference electrode and a platinum wire as the counter electrode. Potentials are reported on the standard hydrogen electrode (SHE) scale by adding 0.245 V. X-ray photoelectron spectroscopy (XPS) measurements were performed in a commercial PHI 5400 spectrometer under a pressure in the 10 -7 Pa range. The photoelectron spectra were recorded with monochromatized Al Ka radiation (1486.6 eV). The ratio of oxygen and oxidized sulfur was determined based on the binding energy intensity at 531.5 eV in the O 1s spectra and that at 168.5 eV in the S 2p 1/2 spectra. Microflotation tests were performed with the 65-150 mesh pyrite sample for three minutes in an electrochemical microflotation cell [41] using a potentiostat for control of solution potential. All experiments were carried out in the buffer solutions described above at room temperature of approximately 20 o C.
RESULTS AND DISCUSSION
Chronoamperometry is an electrochemical technique in which an electrical current resulting from faradaic processes is measured as a function of time. Figure 1 shows the chronoamperometry curves of pyrite electrodes held at different electrochemical potentials during and after in-situ fracture at pH 9.2. The formation of fresh pyrite surface upon fracture creates a step-wise change in the potential of working electrode of pyrite. The subsequent faradaic process due to electron transfer at the pyrite-solution interface causes a current decaying exponentially as a function of time as described in the Cottrell equation. Since the pyrite electrode was held at a given potential prior to fracture the Faradaic process on pyrite observed after fracture arises from the difference between the applied potential and the potential the freshly created pyrite surface assumes at the instant of fracture. Thus an anodic current represents an oxidation reaction and a cathodic current indicates a reduction process. A zero current suggests pyrite does not undergo electrochemical reaction and is thermodynamically stable at that particular potential. As can be seen in Figure 1 , as the potential increases from -0.55 V to 0.45 V, the current changes in its magnitude as well as its sign. At potentials more negative than -0.28 V, cathodic reduction takes place on pyrite and the reaction kinetics increases with the magnitude of the negative potential. At the potentials less negative than -0.28 V or at positive potentials, pyrite undergoes oxidation reactions and oxidation is faster at less negative or more positive potentials. It is important to note that Figure 1 indicates that freshly fractured pyrite surface at -0.28 V at pH 9.2 showed nearly zero current. In other words, fresh pyrite surface is stable at -0.28 V at pH 9.2. A similar stable potential was identified to be at 0 V at pH 4.6. Figure 2 shows the Eh-pH diagram for the pyrite-H 2 O system [43] . It is obvious that the stable potentials are right in the middle of the thermodynamic stability domain of pyrite, indicating 1) the chronoamperometry results are consistent with thermodynamics of the pyrite and water system; 2) fresh pyrite surface readily oxidizes in aqueous solutions open to air. This is of particular relevance to grinding operations since it suggests even the pyrite in freshly ground slurry is oxidized due to higher pulp potentials than the stable potential [4, [44] [45] and therefore have impacts on its natural floatability and interactions with flotation reagents. The chronoamperometry data is in contrast with the established mixed potential values of pyrite, which are 0.2 V at pH 9.2 and 0.6 V at pH 4.6 [46] [47] , confirming pyrite readily oxidizes in aqueous solutions under normal ambient conditions. Cyclic voltammery has been widely used to investigate electrochemical reactions of pyrite and other sulfide minerals [6] [7] [8] [48] [49] [50] [51] [52] [53] [54] but results differ considerably, particularly on which anodic peak represents the oxidation of pyrite itself. For example, Hamilton and Woods [6] reported that pyrite oxidation takes place at potentials above 0.2 V whereas oxidation of ferrous to ferric ion occurs at approximately -0.05 V at pH 9.2. On the other hand, Ahlberg et al. [7] conducted cyclic voltammery on pyrite in alkaline solutions and concluded the oxidation of pyrite starts at about 0 V (SCE) or 0.25 V (SHE) at pH 11, suggesting pyrite oxidation occurs only at potentials above approximately 0.40 V (SHE) at pH 9.2 under the assumption that oxidation reaction follows equation (1) [7, 54, [56] [57] .
(1) In fact, Velasquez et al. [50] observed an oxidation peak at 0.4 V at pH 9.2 and they attributed it to the oxidation of pyrite to metal-deficient sulfide or polysulfide as shown in Equations (2) and (3).
(2) (3) But their XPS results indicate no polysulfides were detected after oxidation and they claim metal-deficient sulfide is a more likely product. The inconsistence on pyrite oxidation potential in literature may be related to the fact that most of voltammetry studies on pyrite were performed with polished electrodes on which oxidation reactions have already occurred during polishing and electrode surface have been covered by oxidation products such as ferric hydroxide prior to voltammetry experiments [58] [59] . With freshly fractured electrode used in the present study this problem is eliminated when the electrode is held at the stable potential during fracture. Figure 3 shows the voltammetry curves obtained with pyrite electrode at pH 9.2 after fresh fracture at -0.28V. To study the oxidation of fresh pyrite surface, the potential sweep initiated anodically from -0.28 V and the potential sweep was limited to the range of -0.55 V and +0.55 V to avoid excessive reduction or oxidation reactions of pyrite. As can be seen in Figure 3 , a significant oxidation current was observed at approximately -0.2 V on the first voltammogram and formed an anodic peak at 0 V. Since fresh pyrite surface is free of any other species, this oxidation must arise from the oxidation of pyrite itself. During the second and third potential sweep, an anodic peak at -0.1 V appeared, which has been identified to be the oxidation of ferrous to ferric ion by a number of electrochemical and XPS studies [6-7, 10, 53 ]. An important finding from Figure 3 is that the positions of anodic peaks representing ferrous ion oxidation and pyrite oxidation are very close to each other. Another noteworthy feature of second and third voltammogram in Figure 3 is that the anodic oxidation peak at 0 V disappeared, suggesting pyrite may be passivated by the presence of iron hydroxide [58] [59] . It is thus not surprising that previous investigator using polished electrodes did not observe pyrite surface oxidation at a low potential near 0 V until at much higher potentials where aggressive oxidation takes place as described in Equation (4) [6-7, 56-57, 59] .
(4) Figure 3 . Voltammograms of pyrite freshly fractured at -0.28 V at pH 9.2 Figure 4 shows the first two consecutive voltammetry curves after fresh fracture at -0.45 V. The chronoamperometry curve obtained after fracture at -0.45 V is also shown in Figure 4 as the inset. Based on the chronoamperometry curve one can determine the charge density associated with the cathodic reduction process to be 106 mC/cm 2 for the first 2 minutes after fracture, which corresponds to a reaction involving less than a monolayer of pyrite [41] . The voltammetry curve started at -0.45 V to oxidize reduced species formed after fracture and an initial anodic current was observed at -0.25 V and formed a peak at about 0 V. Integrating the current from -0.25 V to 0.25 V gave rise to a charge density of 241 mC/cm 2 for the anodic oxidation during the positive going potential sweep, which is substantially greater than the charge density of 106 mC/cm 2 observed on the chronoamperometry curve. This difference can only be attributed to the oxidation of pyrite itself, confirming that pyrite oxidizes in a low potential region represented by the anodic peak at 0 V. The results shown in Figures 1, 3 , and 4 strongly indicate that fresh pyrite undergoes surface oxidation at a much lower potential than previously reported [6] [7] [56] [57] , which is however in good agreement with a recent study by Mu et al. [54] using fractured electrodes. This finding is important because the natural floatability or collectorless flotation behavior of pyrite is important for industrial flotation practices where sulfide minerals of copper, lead, zinc, nickel, etc. are selectively floated away from pyrite to generate high quality concentrates of valuable sulfide minerals [6] [7] [60] [61] [62] [63] . A good understanding of pyrite oxidation potential at which hydrophobic species forms is a prerequisite to controlling its natural hydrophobicity to minimize its flotation recovery.
To investigate the collectorless flotation behavior of pyrite a series of microflotation tests were conducted with 100-200 mesh pyrite particles at different pH's. Figure 5 shows the flotation recovery of pyrite as a function of solution potential at pH 4.6, 6.8, 8.0, and 9.2 in the absence of sulfide collectors such as xanthate. A significant flotation recovery of pyrite was observed over a range of potential that is dependent on solution pH. In general the potential range for flotation is wider and the maximum flotation recovery is greater at lower pH's. The collectorless flotation recovery of pyrite is 80-90% in the potential range of 0 -0.4 V at pH 6.8 and approximately 90-95% over -0.05 -0.45 V at pH 4.6. This is because a larger amount of hydrophilic species such as ferrous and ferric hydroxides precipitates on pyrite surface and reduces its hydrophobicity at higher pH's as indicated in Equations 1-4 [64] [65] [66] [67] . The lower flotation limit is determined by the potential at which one or more of reactions described by Equations 1-3 takes place. For example, pyrite starts to show floatability at approximately -0.1 V at pH 9.2, which is consistent with the chronoamperometry and voltammetry results discussed above. The upper flotation limit is controlled by aggressive pyrite oxidation represented by Equation (4) that generates soluble sulfate rather than hydrophobic sulfur species and hydrophilic iron hydroxides [68] [69] [70] . Figure 5 indicates that pyrite flotation recovery is strongly dependent on solution pH and Eh, suggesting that the surface hydrophobicity of pyrite is a function of relative abundance of hydrophobic sulfur containing species such as metal deficient sulfide, polysulfide, or elemental sulfur and hydrophilic species such as ferric hydroxide Fe(OH) 3 . To provide more evidences for this relationship, microflotation tests with pyrite were carried out in the presence of 5×10 -4 M EDTA and 30 ppm kerosene, respectively and the results are shown in Figure 6 . EDTA is an iron chelating agent that can remove iron species from pyrite surface whereas kerosene was used as flotation collector or surface hydrophobizing agent to enhance pyrite surface hydrophobicity [31, 45] . Figure 6 shows that use of EDTA significantly increased the flotation recovery of pyrite at a given potential but it did not change the onset potential of pyrite flotation at pH 9.2, which is consistent with the previous conclusion that the source of pyrite hydrophobicity is the hydrophobic sulfur species and the formation of iron hydroxides from pyrite oxidation reduces pyrite surface hydrophobicity. By removing iron hydroxides on pyrite surface using EDTA to expose the underlying hydrophobic sulfur species, pyrite surface hydrophobicity can be enhanced. The fact that the onset potential of flotation did not change confirms that pyrite is not naturally hydrophobic and its hydrophobicity indeed arises from its oxidation process that produces a sulfur rich surface. Similar behavior has also been observed by He et al. [2] , Peng et al. [31] , Mu et al. [59] , Lopez Valdivieso et al. [66] , and He et al. [71] in their studies of pyrite flotation with xanthate and its depression with different reagents. It should be noted, however, that although Figure 5 shows higher pH's reduced floatability of pyrite without collector, this is not true for pyrite in sulfide flotation practices with collector. It has been observed that pyrite floatability may be increased in alkaline solutions when xanthate collectors are present to float other sulfides containing base metals such as Pb, Cu, and Zn due to the inadvertent activation of pyrite by Cu 2+ or Pb 2+ at higher pH's [4, [72] [73] . While it has been claimed that flotation or depression of pyrite depends upon the balance of hydrophobic and hydrophilic species on the surface and several ionic quilibria can modify pyrite surfaces by a change in pH [59, 66, 71] , no specific relationship between pyrite floatability and the relative abundance of hydrophobic and hydrophilic species has been established. Figure 7 shows the flotation recovery of pyrite as a function of the ratio of oxygen and oxidized sulfur based on XPS analysis results obtained at different solution pH's and oxidation potentials. There appears to be a negative linear relationship between flotation recovery and the oxygen/oxidized sulfur ratio. Less oxygen or more oxidized sulfur on pyrite surface results in greater hydrophobicity and thus higher flotation recovery. This finding is consistent with the other results shown above and in previous studies since oxygen concentration is an indication of the amount of hydroxides whereas oxidized sulfur represents the amount of hydrophobic sulfur-rich species on pyrite after oxidation [10, 50, [69] [70] . A higher oxygen/oxidized sulfur ratio implies a greater amount of hydroxides and/or a lower concentration of hydrophobic sulfur oxidation species which lead to weaker surface hydrophobicity. The effect of oxygen on pyrite flotation by collectors has been studied by other investigators and their results are in agreement with the present study. For example, Shen et al. [74] and Owusu et al. [75] reported the formation of hydrophilic species such as copper/iron hydroxide and sulfate may prevent or reduce the adsorption of collector on pyrite. In fact, it has been observed that improved separation of pyrite from sphalerite, galena and gold may be achieved under oxidizing conditions by reducing pyrite floatability [37, 76] 
CONCLUSIONS
Based on above experimental results and discussion, the following conclusions can be drawn: 1.
Freshly fractured pyrite surface is considerably different from polished surface and the latter is not suitable for studying oxidation of true pyrite surface.
2. Surface oxidation of pyrite that is responsible for inducing surface hydrophobicity or collectorless flotation behavior occurs at a potential close to the equilibrium potential of ferrous and ferric redox couple and is often masked by the oxidation of ferrous to ferric ion.
3.
Fresh pyrite oxidizes and consequently induces surface hydrophobicity at potentials substantially lower than the thermodynamic potential for the formation of elemental sulfur, suggesting that metal deficient sulfides or polysulfides are likely oxidation species responsible for collectorless flotation behavior of pyrite.
4.
The electrochemically stable potential of pyrite identified by chronoamperometry and voltammetry studies is consistent with the thermodynamic data of FeS 2 -H 2 O system.
5.
Microflotation test results have shown considerable collectorless flotation recovery of pyrite, especially at neutral and acidic pH's and a definite correlation between flotation recovery of pyrite and relative abundance of oxygen and oxidized sulfur species has been established.
6.
This study clearly indicates the importance of controlling solution pH and Eh to achieve the best possible separation of valuable metal sulfides from pyrite or pyrite rejection from coal in industrial flotation practices.
